The sympathetic noradrenergic neurons of the rat superior cervical ganglia (SCGs) provide the major source of innervation to the pineal gland.
The sympathetic noradrenergic neurons of the rat superior cervical ganglia (SCGs) provide the major source of innervation to the pineal gland. The present study sought to determine (7) if this sympathetic innervation can undergo collateral sprouting following partial denervation of the pineal by unilateral removal of the SCG (ganglionectomy), and (2) whether such growth of axon terminals is associated with biochemical changes in the contralateral SCG. In the pineal gland following partial denervation, residual noradrenergic terminals underwent compensatory changes indicative of collateral sprouting, as evidenced by: (7) a rapid reduction in tyrosine hydroxylase (TH) activity and in [3H]norepinephrine (NE) uptake, to about 50% of control by 2 days, which was followed by a gradual but sustained increase to levels of approximately 80% of control by 10 days and (2) a reduction in the intensity and density but not in the distribution of fibers containing NE-induced fluorescence by 2 days, which was followed by a sustained increase.
In the contralateral SCG, choline acetyltransferase (CAT) activity, a marker of cholinergic preganglionic terminals, was transiently increased to about 115% of control by 4 days and returned to control levels by 14 days after unilateral ganglionectomy; later, TH activity in noradrenergic cell bodies was gradually increased to about 140% of control by 10 days where it remained for up to 52 days. Unilteral ganglionectomy combined with decentralization of the contralateral SCG by preganglionic nerve cut prevented the compensatory changes in noradrenergic nerve terminals within the pineal. We conclude: (7) following partial denervation of the pineal gland by unilateral ganglionectomy, residual noradrenergic terminals undergo compensatory collateral sprouting; (2) after unilateral ganglionectomy, changes in the pineal are preceded by sequential enhancement, first of CAT activity in cholinergic preganglionic terminals and then of TH activity within noradrenergic nerve cell bodies of the contralateral SCG; and (3) the presence of intact preganglionic innervation is essential for the expression of the compensatory collateral sprouting.
It is well established that axon terminals which remain intact after partial denervation of a muscle can grow new branches to occupy sites left vacant after degeneration of the lesioned axons (Edds, 1953) . Such compensatory collateral sprouting can also occur in sympathetic ganglia (Guth and Bernstein, 1961; Maehlen and Nja, 1982) . It has been recently demonstrated that the sympathetic neurons of the superior cervical ganglion (SCG) can undergo heterotypic collateral sprouting in response to a selective partial denervation of a foreign target region in the brain (Loy and Moore, 1977; Stenevi and Bjorklund, 1978; Crutcher et al., 1979) . At present, however, only a few studies have attempted to characterize the reaction of the parent nerve cell bodies during collateral sprouting of their terminal axons (Gilad and Reis, 1979) . Lesions of postganglionic sympathetic axons will elicit marked metabolic changes in their parent nerve cell bodies, some of which are closely related to the regenerative growth of the cut axons (Gilad and Gilad, 1983) . Although collateral sprouting, like regeneration, represents a similar condition of growth of new axon fibers, the cell body response may be different due to the fact that intact neurons undergoing collateral sprouting have to maintain routine neurotransmission, while in injured neurons this function is largely or wholy impaired (Gilad and Reis, 1979) .
In the present study, we chose the sympathetic innervation of the pineal gland which arises from nerve cell bodies in the right and left SCGs (Kappers, 1960; Zieher and Pellegrino de Iraldi, 1966) as a model system. This system is easily accessible and permits the making of reproducible lesions, and its neurochemistry is well characterized. We have investigated the changes in residual noradrenergic terminals within the pineal gland which are elicited by partial denervation after unilateral removal of the SCG. We shall demonstrate by biochemical and histochemical techniques that the residual noradrenergic terminals undergo compensatory changes indicative of homotypic collateral sprouting, and that these responses are associated with changes in parent nerve cell bodies of the SCG, which are different from those associated with axonal injury. Furthermore, intact preganglionic input to the SCG is probably essential for these compensatory changes. were exposed through an Incision in the neck (Gilad et al., 1980) . Three types of operations were performed: (7) postganglionic nerve crush (axotomy)-the internal carotid nerve was crushed with microdissecting tweezers at an average drstance of 5 mm from the point of its emergence from the ganglion;
Materials and Methods

Animals
(2) preganglionic nerve cut (decentralization)-at an average distance of 5 mm caudal to the ganglion; and (3) ganglionectomy-the SCG was removed after cuttrng Its afferent and efferent nerves. The wound was closed with stainless steel wound clips. Unoperated rats served as controls. At various times after surgery, rats were decapitated, and the SCG and pineal gland were rapidly removed.
Tissues were either freshly used or frozen immediately on dry ice and stored at -70°C for subsequent biochemical assays.
Biochemical methods
Enzyme assays. One SCG or two pineal glands were homogenized with a glass homogenizer in 0.1 or 0.075 ml, respectively, of ice-cold 5 mM sodium phosphate buffer, pH 7.4, containrng 0.1% Triton X-100 (v/v). Tyrosine hydroxylase (TH) activity was assayed by a modification of the method of Coyle (1972) . An aliquot (75 ~1) of tissue homogenate was incubated for 30 mm at 37°C with 25 ~.rl of reaction mixture containing 2.5 PCi L-[side chain-2,3-3H]tyrosine, 0.4 mM L-tyrosine, 100 mM sodium acetate buffer, pH 5.8, 1.2 mM 6-methyl-5,6,7&tetrahydropterine in 28 mM mercaptoethanol, 1300 units of catalase, and 5 mM of ferrous sulfate. Under these assay condrtrons, the activity measured, following isolation of [3H]DOPA formed on activated alumina columns, was linear up to 30 min with 0.1 to 0.5 mg proteins. In order to detect low levels of TH actrvrty in the pineal gland, only radroactive substrate-2.5 PCi (2.2. PM) of [3H]tyrosine-was used, thus increasing its specific activity.
Choline acetyltransferase (CAT) activity was assayed by the method of Fonnum (1969) (NE) (specific activity, 12.4 Ci/mmol; New England Nuclear). After 10 min of Incubation at 37°C the reactron was stopped by addition of 3.5 ml of ice-cold Krebs-Ringer buffer, and the mixture was centrifuged at 27,000 x g for 20 min at 4°C. The pellet was rinsed twice, dissolved with 0.25 ml of Soluene-350 tissue solubilizer (United Technologies Packard), and transferred to a counting vial, and Its radioactivity was measured by scintrllatron spectrometry after the addition of 10 ml of Lumax, hydrophylic scintillator concentrate (Ilpen Ltd., Grvatarm, Israel). The [3H]NE uptake was 12% or less in samples incubated at 0°C or at 37°C in the presence of 1.07 X 10m4 M desmethylrmipramine (Snyder et al., 1968) .
Rote/n determmination. 
Results
Effects of unilateral ganglionectomy on the residual noradrenergic innervation of the pineal gland Effects on TH activity. Unilateral ganglionectomy resulted in a rapid reduction in TH activity, within 2 days, to about 50% of control (Fig. 1) . The reduction was followed by a gradual increase to maximal levels of approximately 80% of control by 10 days postoperative, where the enzyme activity remained for up to 52 days (Fig. 1) .
Effects on [3H]norepinephrine uptake. Unilateral ganglionectomy resulted in a transient decrease in NE uptake with a time course similar to the one observed for TH activity (Fig. 1) . After a rapid fall within 2 days to about 50% of control, NE uptake gradually increased to approximately 80% of control by the 10th postoperative day, where it remained for up to 28 days (Fig. 1) .
No change in protein concentrations was observed in the partially denervated pineal gland (Fig. 1) .
Effects on NE histofluorescence. Examination of sections of the pineal gland, processed for catecholamine histofluorescence, at 2 days after unilateral ganglionectomy revealed a major qualitative reduction in both intensity and density of sympathetic terminals throughout the whole pineal gland (Fig. 2, A and B) . By 7 days postoperative, fluorescence intensity and density were increased, but to levels lower than control (Fig. 2, A and C) . No change in the distribution of fluorescent fibers was observed.
Bilateral ganglionectomy resulted 10 days later in a complete disappearance of fluorescent noradrenergic axon terminals from the pineal gland (Fig. 20) .
Effects of unilateral ganglionectomy on the contralateral SCG Effects on CAT activity. Unilateral ganglionectomy resulted in an early transient elevation of CAT activity (Fig. 3) . The enzyme activity was increased to about 115% of control by 4 days; remained at this level for up to 10 days and, by 14 days postoperative, returned to control levels.
Effects on TH activity. A sustained elevation in TH activity was observed in the contralateral SCG following unilateral ganglionectomy (Fig. 3) . The enzyme activity was gradually increased to about 145% of control by 10 days and remained at this level for up to 52 days.
Effects on protein content. General protein content was transiently elevated in the contralateral SCG following unilateral ganglionectomy (Fig. 3) , in parallel to changes in CAT activity. Protein content was increased to about 112% of control by 4 days, remained elevated for up to 10 days, and returned to control levels by 14 days postoperative.
Effects of unilateral ganglionectomy combined with decentralization of the contralateral SCG lpsilateral decentralization of the intact SCG just prior (within 5 min) to contralateral ganglionectomy prevented the compensatory increase in NE uptake which was observed in the pineal after ganglionectomy alone (Fig. 4) . Unilateral decentralization by itself did not result in a significant decrease in NE uptake.
Discussion
Compensatory homotypic collateral sprouting of noradrenergic axon terminals. The present study indicates that, following unilateral ganglionectomy in adult rat, the remaining noradrenergic axon terminals in the pineal gland which originate from sympathetic neurons in the intact SCG will undergo collateral sprouting. Three lines of evidence support this conclusion: (1) reduction in the activity of TH which is followed by a partial but permanent increase in the enzyme activity; (2) similarly, the uptake of [3H]NE into homogenates of the pineal gland is characterized by a transient reduction, followed by a partial but permanent increase;
and (3) as demonstrated by catecholamine-induced histofluorescence, the density of NE-containing fibers is first decreased throughout the pineal gland but, after a week, it is partially reinstated. While processes other than sprouting might account singly for each of these changes, this is the best interpretation of the composite.
The development of collateral sprouts from residual noradrenergic terminals in the pineal gland appears closely related, spatially and temporally, to degeneration of the lesioned axon terminals. The hypothetical sequence of these events is schematically depicted in Figure 5 . As others have shown (Morgan and Hansen, 1978) , within 24 hr after bilateral ganglionectomy, all NE-containing fibers in the pineal gland disappear. In agreement, our data demonstrate that, by 2 days after unilateral ganglionectomy, there is a major reduction in both intensity and density of NE-containing fluorescence fibers. Importantly, the reduction in fluorescent fibers occurs throughout the pineal gland, thus demonstrating that the noradrenerglc sympathetic innervation which originates from both the right and left SCGs have a similar distribution within this midline-situated gland. It appears, therefore, that collateral sprouting of intact noradrenergic axon terminals starts only after the degeneration of adjacent terminals, and once the sprouts reach a maximum, they remain in place (Fig. 5) . The beginning of increase in both TH activity and [3H]NE uptake can be observed in the pineal as early as 4 days after ganglionectomy. A comparable time course of events has been previously observed when heterotypic collateral sprouting of central dopaminergic terminal axons took place in the olfactory tubercle in response to its partial denervation after olfactory bulb removal (Gilad and Reis, 1979) .
The nature and the source of the signal elicited by ganglionectomy to initiate these compensatory changes in residual noradrenergic terminals is obscure. Stimulating factors (Brown and Holland, 1979; Pockett and Slack, 1982) as well as inhibiting factors (Diamond et al., 1976) which originate from the target tissue have been postulated. In the target tissue, such factors may originate from various cellular elements, such as the degenerating terminals, the deafferented pinealocytes, or Schwann cells (Brown, 1984) . Our data indicate, however, that regardless of the nature and the source of the primary signal, the presence of preganglionic innervation of the reactive sympathetic neurons in the SCG is essential for the com- 
:. -Tyroslne hydroxylase UU-Norepi ncphri ne muptoke sites figure 5. Schematic representation of proposed assoclafion of compensatory changes in TH activity and NE uptake with collateral sprouting of residual terminals of sympathetic neurons innervating the pineal gland. Control depicts right and left noradrenergic axon terminals, with similar arborization, innervating the target cells. By days 1 to 2 following unilateral ganglionectomy, the corresponding terminals degenerate. By days 4 to 10, TH activity and NE uptake are increased in the expanding residual terminals. After day 10, new collateral sprouts of the residual noradrenergic terminals are present, with increased TH activity and NE uptake. See text for further discussion.
pensatory collateral sprouting of their terminals in the pineal gland (as adjudged by the sustained increase of [3H]NE uptake). In a model of heterotypic collateral sprouting, Crutcher et al. (1979) showed that afferent input to the SCG is unnecessary for sprouting to occur. The discrepancy in the results may arise from methodological differences, as these authors have performed the decentralization a day before partial denervation of the target tissue, while we have done the two lesions simultaneously. An alternative explanation may be that the preganglionic input is esential for homotypic collateral sprouting and less so for heterotypic sprouting.
Effects of unilateral ganglionectomy on the contralateral SCG. Unilateral ganglionectomy results in a sympathetic denervation of all the target tissues on the ipsilateral side and leads to compensatory changes in the contralateral SCG. A small and transient increase in CAT activity, evident by 4 days and lasting for 7 days is the first change observed. This is followed by a gradual but sustained increase in TH activity. Interestingly, a small and transient increase in general protein content of the contralateral SCG occurs in parallel to the change in CAT activity. The cellular localization of this elevation in protein content is uncertain, but if one can draw an analogy from the developmental study of Soinila and ErankB (1983) , such an increase may occur both in principal neurons and in their satellite cells as a result of a sustained increase in neurotransmission activity coupled to metabolic activity in the contralateral ganglion.
In a preliminary study, we observed that unilateral postganglionic cut of the internal carotid nerve, which also resulted in compensatory collateral sprouting of contralateral sympathetic terminals in the pineal gland, fail to enhance CAT or TH activities in the contralateral SCG (data not shown). One explanation for this observation may lie in the sensitivity of our enzyme assays, which could be too low to detect small changes against a relatively high background level of enzyme activities. Alternatively, the changes observed in the SCG after unilateral ganglionectomy may not necessarily be related to the collateral sprouting of terminals in the pineal gland, but may reflect a general enhanced compensatory activity of the contralateral cervical sympathetic system. It has been demonstrated that direct electrical stimulation of the preganglionic input to the SCG which lasts 90 min can produce an increase in TH activity of the ganglion which lasts about 4 days (Zigmond et al., 1980) . Therefore it is not unreasonable to assume that the increase in neurotransmitter-synthesizing enzyme activities observed in the present study is the result of a long-lasting increase in impulse activity in the contralateral sympathetic system. Yet, an even smaller or briefer increase in electrical activity, which might not necessarily result in increased neurotransmitter enzyme activities, may be beneficial for the growth of collateral sprouts (Maehlen and Nj& 1982) .
Functional implications. It remains to be established whether the new collateral sprouts of noradrenergic terminals in the pineal gland are functional. Sympathetic neurons of the SCG are essential for the regulation of melatonin biosynthesis in the pineal gland. The influence of these neurons is most evident on the regulation of both the activity and circadian rhythm of the enzyme serotonine N-acetyltransferase (NATase) (Zigmond et al., 1981) . It was demonstrated (Zigmond et al., 1981 ) that a normal NATase activity and rhythm reappeared within 32 hr after unilateral ganglionectomy but, after unilateral decentralization of the SCG, NATase activity remained reduced. These authors hypothesized that, after ganglionectomy, loss of NE uptake sites in the degenerating injured terminals may result in an enhanced effectiveness of the NE released by the residual intact terminals. After decentralization of the SCG, however, uptake sites will remain intact, and therefore recovery does not occur. Our data substantiates this hypothesis and demonstrates that the structural basis for this functional interrelationship between the bilateral noradrenergic innervation of the pineal is the apparent close topographical proximity of their terminals (Fig. 2) .
The results of Zigmond et al. (1981) illustrate that a rapid recovery of NATase activity may occur without the need for collateral sprouting to occur. However, preliminary results of experiments carried out in collaboration with Prof. Eitan Friedman (Department of Psychiatry, New York University Medical Center) indicate that melatonin levels in the pineal gland did not completely recover by 7 days after unilateral ganglionectomy. These results may indicate that the activity of the melatonin-synthesizing enzyme, hydroxyindole O-methyltransferase, did not yet return to its preoperative levels by 7 days and that its complete recovery awaits the maturation of compensatory collateral sprouts (as indicated by the elevation in [3H]NE uptake and TH activity). These studies and others (Zigmond et al., 1985, in press) indicate that maximal recovery of function of a target tissue after subtotal degeneration of one of its afferents, due to injury or disease, may be the result of a combination of two mechanisms occurring in sequence. The first one, which occurs earlier (within 2 days), is due to the net increase in the amount of neurotransmitter released from residual terminals secondary to the loss of uptake site, on the degenerated terminals (Zigmond et al., 1981; Zigmond et al., 1985, in press ). The second one is the enlargement of the terminal arborization by collateral sprouting of residual terminals, a process which requires about 10 days to occur, as indicated by the present study.
